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ABSTRACT 
 
Sonali Anil Rathore: Cone Beam CT in Occlusal Caries Research 
(Under the direction of Dr. Donald Tyndall) 
 
The diagnosis of occlusal caries remains a challenge due to lack of a single sensitive 
and reproducible diagnostic tool.  Cone beam computed tomography (CT) is volumetric 
imaging method which allows structures to be visualized in 3D as well as in discrete cross-
sections.   This research project was an in-vitro study to evaluate occlusal caries using 
conebeam CT and to compare microCT with histology in caries assessment.  The project was 
divided into, two specific aims. 
In the first aim, we compared the Cone beam CT with intraoral digital radiography in 
the detection of occlusal caries.  For this a sample of sixty teeth were imaged first with 
intraoral digital radiographs and then with cone beam CT.  Histology of these teeth was 
done, to serve as ground truth.  Six observers looked at all the images and their responses 
were evaluated by ROC (Receiver Operating Characteristic) analysis.  Az (Area under the 
curve), was analyzed using ANOVA.  We concluded that there were no differences in 
accuracy between the two modalities. 
For the second aim, we compared micro-CT with histology for detection of occlusal 
caries.  Accuracy was determined using Sensitivity and Specificity of the micro-CT.  Precision 
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was determined using Inter and Intraobserver Kappa Statistics.  We found that micro-CT 
compared well with histology, but due to some limitations in our portable micro-CT unit, it 
cannot completely replace it as the new ‘gold standard’.  
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CHAPTER 1 
DENTAL CARIES 
CHANGING NATURE OF CARIES: 
Dental caries is the localized destruction of susceptible dental hard tissues by acidic 
by-products from bacterial fermentation of dietary carbohydrates. During the past few 
decades, changes have been observed not only in the prevalence of dental caries, but also 
in the distribution and pattern of the disease in the population.(1) (2) (3) Specifically, it has 
been observed that the relative distribution of dental caries on tooth surfaces has changed, 
and the rate of lesion progression through the teeth is relatively slow for most people. The 
caries decline in permanent teeth has been greater on interproximal and smooth surfaces 
than on fissured or occlusal surfaces.(4) Coronal caries in children's permanent teeth is 
predominately a disease of the pits and fissures.(5) (6) In some population groups, caries 
prevalence and severity in primary teeth might have stabilized or increased slightly. (7) 
Despite the widespread decline in caries prevalence and severity in permanent teeth in 
high-income countries over the past few decades, disparities remain and many children and 
adults still develop caries.  U.S. findings by the Centers for Disease Control and Prevention 
(CDC)released in August 2005 reveal high ongoing prevalence of dental caries in children, 
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with 27% of preschoolers, 42% of school-age children, and 91% of dentate adults having 
caries experience.(7) (8)  
The use of fluoride in public water supplies, in toothpaste, and in professional dental 
products, improved oral hygiene, and increased access to dental care have played major 
roles in this dramatic improvement. Nevertheless, dental caries remains a significant 
problem. While the outer enamel shell of a tooth's clinical crown has become more caries-
resistant, the pits and fissures still allow ingress to damaging micro-organisms. Alarming 
carious destruction is often observed upon opening seemingly innocuous pits and fissures, 
as the anatomical constrictions of pits prevent adequate access to the tip of a dental 
explorer. (9) 
Modern management of dental caries has three major components: prevention, 
control, and treatment, and is based on appropriate diagnosis of the disease and detection 
of pathological changes, i.e. lesion formation in its earliest stages.(10) Traditional paradigms 
for restoring carious lesions are being replaced by newer strategies that emphasize disease 
prevention and conservation of tooth structure. The search continues for the identification 
of practical models for predicting caries risk at the individual level. 
CURRENT TRENDS IN CARIES DIAGNOSIS AND THEIR LIMITATIONS 
I.  Visual/Tactile methods: 
Caries in occlusal and smooth surfaces has traditionally been assessed by visual 
inspection combined with probing. 
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 The use of an explorer in detecting occlusal caries appears to add little information 
and may be detrimental.(11) A recent study confirmed the findings of light-microscopic 
studies that using a sharp dental probe for occlusal caries detection causes enamel 
defects.(12) In vitro visual examination of macroscopically intact occlusal surfaces in an 
effort to detect caries generally has limited sensitivity (i.e., the ability to accurately 
determine the presence of true disease), below 30%.(13) However, in a whole population, 
where larger lesions and sound teeth are included, the sensitivity of visual diagnostic 
methods is much higher.(14)  
 
II. Quantitative Light-Induced Fluorescence: 
Quantitative Light-Induced Fluorescence (QLF) is a method of measuring induced 
tooth fluorescence after using light generally at or near 488 nm range to quantify tooth 
demineralization and lesion severity. For smooth surfaces, the mean sensitivity
 
and 
specificity of QLF is 0.76 (± 0.02 standard deviation
 
[SD]) and 0.85 (± 0.09 SD). For occlusal 
surfaces,
 
the values are 0.61 (± 0.14 SD) and 0.59 (± 0.18
 
SD).(15) There are some concerns 
about the
 
system related to the confounding effects that stains, plaque,
 
fluorosis or other 
enamel opacities such as hypomineralization
 
can have on lesion depth.(16)  
 
III. DIAGNOdent: 
It is a commercial development of LF (the chair side battery powered quantitative 
diode-laser-florescence device.) This unit emits light at 655-NM wavelength from a fiber 
optic bundle onto the occlusal surface of the tooth. A second fiber optic bundle receives the 
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reflected fluorescent light beam, and changes caused by demineralization are assigned a 
numeric value, which is displayed on the monitor. The system is calibrated to a provided 
standard and to reference (sound) enamel. However this instrument is very sensitive to 
presence of stains, deposits, and calculus; all of which can lead to erroneous readings. 
Similarly, any changes in the physical structure of the enamel, including disturbed tooth 
development or mineralization, produced erroneous readings.(17) A systematic review 
done using DIAGOdent showed that for detection of dentinal caries, sensitivity values 
ranged widely (0.19 to1.0), although most tended to be high.(18) (19) Specificity values 
exhibited a similar pattern, ranging from 0.52 to 1.0.(20) Most in-vivo studies using 
DIAGNOdent, find that it cannot differentiate caries from hypomineralisation, and conclude 
that its probably best used as an adjunct to a clinical examination.(21) (22) (23) 
 
IV. Electrical Conductance Measurement (ECM): 
The electrical conductivity of a tooth changes with demineralization. In carious pits 
and fissures the measurements show increased conductivity. ECM measurements
 
have 
higher sensitivity but lower specificity
 
than clinical
 
visual methods and are currently limited 
to occlusal
 
sites.(24) (25) 
 
Imaging Methods: 
I.  Conventional Radiographs 
In a clinical setting, conventional radiographs (bitewing radiographs) are the most 
trustworthy methods for detection of carious teeth. However, these are two dimensional 
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reproductions of a three dimensional object. Also, many studies have reported the 
limitation of conventional radiographs in detecting initial caries which may be explained by 
the overlapping of the pits and fissure by cusp walls in a two dimensional radiograph.(26) 
(27) (28) 
 
II.   Digital Radiographs: 
Digital systems seem to be as accurate as the currently available dental films for 
detection of caries. They have high sensitivity rate (.60 - .80) for detection of occlusal 
lesions into
 
dentine with false positive fractions of 5-10%.(29) (30) Their advantage over 
conventional film is that they provide a wider dynamic range and require less patient 
exposure. Unlike conventional film that may take between three and five minutes to 
process, a digital radiographic image generally can be viewed quickly on the computer 
screen.  
In conclusion, it can be said that a test which is highly sensitive and specific is 
desired. Sensitivity and specificity are one approach to quantifying
 
the diagnostic ability of 
the test. Sensitivity is the probability of a positive test among patients with disease and 
Specificity is the probability of a negative test among patients without the disease. 
It may not be always possible to have a test with high sensitivity and specificity, thus 
a method which results in higher specificity values is preferable as there is less risk of 
unnecessary treatments. 
  
CHAPTER 2 
CONE BEAM CT  
INTRODUCTION: 
Computed tomography can be divided into 2 categories based on acquisition x-ray 
beam geometry; namely: fan beam and cone beam. In fan-beam scanners, an x-ray source 
and solid-state detector are mounted on a rotating gantry. The data is acquired using a 
narrow fan shaped X-ray beam and the patient is imaged slice by slice in the axial plane. The 
final interpretation of the images is achieved by stacking the slices to obtain multiple 2D 
representations. In the cone beam technique, a single 360° scan is taken in which the x-ray 
source and a reciprocating area detector synchronously move around the patient’s head, 
which is stabilized with a head holder. At certain  degree  intervals,  single  projection  
images,  known  as “basis”  images,  are  acquired. This series of basis projection images is 
referred to as the projection data.(31)  
  Cone-beam computed tomography or (CBCT) systems have been designed for 
imaging hard tissues of the maxillofacial region. CBCT provides a volumetric x-ray scan of 
patient head that can be visualized in a variety of ways such as multi-planar reformatted 
(MPR) slices, cross-sectional slices, synthetic panoramic, 3D shaded surface and volumetric 
rendering.  They offer several advantages over the regular CT systems such as rapid scan 
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times, image accuracy and dose reduction. A recent review has shown that effective dose 
(ICRP 2007) from a standard dental protocol scan with the 64-slice multidetector CT (MDCT) 
unit is  860 µSv which is  1.5 to 12.3 times greater than comparable medium- field of view 
dental CBCT scans(69 to 560µSv). (32) 
 
SPECIFIC AIM 1: 
To compare accuracy of Sirona Cone beam CT with intra-oral radiography in the 
diagnosis of occlusal caries. 
Hypothesis: There will be no differences in accuracy between cone beam CT and 
intraoral radiography for occlusal caries detection. 
Rationale:  An ideal diagnostic test would enable the clinician to accurately assess 
the presence or absence of a lesion, to quantify its size and depth, and to determine its 
activity. While the physics underlying the radiographic image formation process is well 
suited for imaging the hard tissues, the sampling level of traditional intraoral imaging is not 
sufficient to fulfill these requirements. In order to acquire three-dimensional information, 
the level of sampling needs to increase. 
The development of cone beam computed tomography has been revolutionary in 
the sense that complete (360°) sampling is now possible without increasing the patient dose 
to unacceptable levels.  CBCT provides high diagnostic quality images, with 3D 
representation of the maxillofacial skeleton. This could presumptively, improve delineation 
of the anatomy with the lesions, thus improving the diagnostic process. 
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MICRO CT: 
Micro-CT is a miniature design of the Cone-beam CT, which is mostly used in 
laboratory studies. Two  main  technical differences  between  both  make  it  possible  to  
obtain  a  much  better  resolution.  In Cone beam computed tomography, the X-ray source 
and detector rotate around the patient. However, for the study of materials, it is possible to 
rotate the object while the X-ray source and detector are stationary. The second difference 
is the size of the X-ray source which is 5-10 µm in micro-focus computer tomography 
compared with a millimeter in medical applications. This microfocus X-ray source enlarges 
the images geometrically and thus assures high-resolution cross-sectional images. Thus 
micro-CT is a non-destructive  technique,  which  allows  high  spatial  resolution  of  inner 
structures  to  be  recorded .(33)  Depending on the X-ray source and the scanner design, 
the linear resolution for micro-CT is about 2-100 µm.  Micro- CT has been studied in 
dentistry, specifically for evaluation of mineral content and changes in dental hard tissue.  
 
SPECIFIC AIM 2: 
To compare Micro-CT with histology in detection of Occlusal Caries 
Hypothesis: There will be no difference in Micro-CT and histology in Occlusal caries 
detection. 
Rationale:  Histology has traditionally been the ‘gold standard’ in caries diagnosis 
studies. However it has several disadvantages, such as cumbersome sample preparation 
with demands on both time and personnel. There could be distortions in registering 
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adjacent slices which could lead to loss of key information pertaining to tissue distribution. 
Also, it is a destructive process as once the sample is sectioned, other assays are not 
possible. On the contrary, Micro-CT allows nondestructive imaging of the internal tooth 
structure, with information being visualized either as discrete sections or as 3D volume 
renderings. Thus, it can provide a viable alternative to histology and allow longitudinal 
studies on the same sample. 
 
  
CHAPTER 3 
HIGH RESOLUTION CONE BEAM CT IMAGING OF OCCLUSAL CARIES 
ABSTRACT 
Background: During the past few decades, changes have been observed not only in 
the prevalence of dental caries, but also in the distribution and pattern of the disease in the 
population. Most conventional radiographic imaging of teeth underestimates the presence 
of caries. Cone-beam CT is a new technology which can provide volumetric data of the 
object, from which cross-sectional images can be obtained for different diagnostic purposes. 
It is assumed that these features would improve the accuracy in diagnosing dental diseases, 
including dental caries. 
Objective: To compare the accuracy of Cone beam CT with intraoral radiographs for 
detection of occlusal caries. 
Materials and methods: A set of sixty extracted teeth were mounted on a mandible, 
surrounded by a plexiglass box. These teeth were imaged using a Sirona Cone beam CT unit 
and intraoral radiographs (Planmeca). Six observers used both modalities and a 5 point 
Confidence scale to evaluate presence of occlusal caries in all the sixty surfaces. The actual 
presence or absence of caries was established with histology. Receiver operating 
characteristic analysis and weighted kappa statistics were used. Differences in Az values 
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between observers and modalities were analyzed using analysis of variance (ANOVA). 
Differences in sensitivity and specificity were analyzed using the Wilcoxon test. 
Interobserver and intraobserver reliability was assessed by Weighted Kappa scores. 
Results: The diagnostic accuracy of the two radiographic systems was assessed from 
the area under the ROC curve (Az). The mean value and standard deviation of Az was 
0.719±0.038 for the Cone beam and 0.649±0.062 for the intraoral radiographs. Results of 
ANOVA demonstrated that there was no significant difference between the modalities and 
the observers. The Interobserver Kappa for pairs of observers ranged from fair-substantial 
for bitewings (0.244-0.543) and cone beam (0.152-0.401). Four out of six observers 
reported higher sensitivity but lower specificity with cone beam. The Wilcoxon Exact p-
Value showed no difference in sensitivity (0.175) or specificity (0.573) between the two 
modalities. 
Discussion: Cone beam CT is a new radiographic modality for dental imaging and to 
establish its accuracy, it must be compared with  well-established systems already in use. 
The results of this in-vitro study showed that accuracy of cone beam CT was diagnostically 
comparable with intra-orals in detection of occlusal caries. Based on these results it is fair to 
suggest that if a cone beam CT examination has been performed for other diagnostic tasks it 
may be reasonable to examine the teeth for any carious lesions. Any referral made for a 
cone beam examination should be judicially advocated and based on a case by case 
selection. 
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INTRODUCTION 
Dental caries is an infectious disease resulting in destruction of tooth structure by 
acid-forming bacteria found in dental plaque, an intra-oral bio-film, in the presence of 
sugar.  Over the last decades, a remarkable decline in caries prevalence has been noticed in 
the world population, primarily due to increase in scientific knowledge on the etiology, 
initiation, progression and prevention of disease coupled with wide scope of preventive 
measures and fluoride therapy.  However, even in populations with decreased caries 
prevalence, the proportion of occlusal caries has increased and the difficulty of accurately 
detecting incipient pit and fissure lesions has been continuously discussed reinforcing the 
interest for studying this type of carious lesion.(26)  These changes have important 
implications for diagnosis and management of incipient lesions, predicting caries risk, and 
conducting effective disease prevention and management programs for individuals and 
populations. 
The most common methods among US dentists for the clinical diagnosis of occlusal 
caries are visual/tactile and visual inspection aided by radiographs.  A recent review done by 
the University of North Carolina/Research Triangle Institute by Bader et al. found that visuo-
tactile methods have low sensitivity and moderate to high specificity in detecting occlusal 
lesions.(34)  In a clinical setting, conventional radiographs (bitewing radiographs) are the 
most trustworthy methods for detection of carious teeth.  However, these are two 
dimensional reproductions of a three dimensional object. The introduction  of  direct  digital  
radiography  (DR)  has not  helped  to  solve  the  problem. Most studies report similar 
performance between digital and conventional imaging modalities.(29) (35)   
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A new technology called Tuned Aperture Computed Tomography (TACT) images 
makes it possible to view three-dimensional objects in tomosynthetic radiographs. 
However, several studies have shown that there is no improvement in the diagnosis of 
primary caries using TACT.(36)(37; 38)  Studies have shown that some non-radiographic 
methods such as QLF, ECM, DIAGNOdent, DIFOTI or FOTI should be used as an adjunct to 
clinical decision making and serve primarily as a support tool for making preventive 
treatment plan decisions in conjunction with caries risk assessment .(16) (17) 
Although clinical diagnostic methods are highly specific, the low sensitivity achieved, 
particularly for non-cavitated occlusal surfaces in vivo, means that the use of diagnostic aids 
with superior performance is indicated and that new methods for caries diagnosis are 
required.(39) 
The development of cone beam computed tomography has been revolutionary in 
the sense that complete (360°) sampling is now possible without increasing the patient dose 
to unacceptable levels. CBCT is capable of providing sub-millimeter resolution in images of 
high diagnostic quality, with short scanning times (10–70 seconds) and radiation dosages 
reportedly up to 15 times lower than those of conventional CT scans.  Increasing availability 
of this technology provides the dental clinician with an imaging modality capable of 
providing a 3-dimensional representation of the maxillofacial skeleton with minimal 
distortion.  
Our specific aim for this study was to compare the accuracy of Sirona Cone beam CT 
system with intraoral radiographs in the diagnosis of occlusal caries.  We hypothesized that 
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there will be no difference in the accuracy of occlusal caries detection between intraoral 
radiographs and cone beam CT. 
 
MATERIALS AND METHODS: 
Sample size selection: 
This was an in-vitro study with a sample of 60 extracted teeth (consisting of both 
premolars and molars). This number was based on a literature review of articles based on a 
similar hypothesis. The sample was selected as half carious and the other half as control 
(sound), as determined by visual examination. These teeth were collected from different 
departments such as Periodontology, Prosthodontics and Oral & Maxillofacial Surgery at the 
School of Dentistry. 
Image acquisition: 
A human dried mandible with a set of teeth placed in wax was used to simulate the 
patient’s mouth. Each of the sixty teeth was mounted individually in an extraction socket, 
created specifically for the experimental tooth. The mandible was surrounded by a 
plexiglass box to simulate soft tissues.  These teeth were imaged using Galileos (Sirona 
Bensheim, Germany) cone beam unit (Fig 1).  60 separate scans were taken and these 
images were then reconstructed to different cross-sectional, axial and tangential views.  The 
exposure parameters for the Cone beam CT were set at 85 Kvp and 21 mAs, with a total 
exposure time of 2-4 seconds.  
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The teeth were then imaged using the Planmeca (Helsinki, Finland) intraoral imaging 
system.  The exposure parameters for this system were set at 70 Kvp and 3.2 seconds as the 
exposure time.  After all the imaging was performed the teeth were sectioned using an 
Isomet low speed saw to establish ‘ground truth’.  They were sectioned to 250µ thin 
sections and viewed under a stereomicroscope (Fig 7).  Of the 60 teeth, 27 teeth had 
occlusal caries and the other 33 were controls. 
Observation sessions: 
Six observers viewed all the images from both the modalities. These observers were 
two radiologists, two radiology residents and two general dentists.  They were asked to 
record the presence or absence of occlusal caries on a 5 point confidence scale which 
ranged from 1 = caries definitely absent to  5 = caries definitely present(Table 5).  The 
observers were given a short training session in using Sidexis software and also provided 
with an instruction brochure on how to observe the images. The intraoral images were 
viewed using Vixwin 2000 (version 1.11, Gendex) and the cone beam images were viewed 
using Galaxis software (Sirona, Germany).  To standardize the viewing conditions all the 
images from both modalities were viewed using one computer (Lenovo, Think vision, IBM, 
USA) in the Radiology clinic under dimmed lighting. 
The observers had the flexibility to scroll through the entire volume of dataset for 
each of the 60 teeth. The observers were asked to repeat their observations after two 
weeks to look for intraobserver reliability. For this purpose a set of twenty teeth were 
randomly selected from the entire sample. Fig. 2 shows occlusal caries in the close-up view 
using Sirona and also the intraoral radiograph. 
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STATISTICS 
Receiver operating characteristic (ROC) curves were constructed for each observer 
and each modality. Diagnostic accuracy (Az) was expressed as the area under the curve 
(AUC).  The difference in the AUC for the two modalities was assessed using analysis of 
variance (ANOVA), controlling for observer.  The data was dichotomized with scores of 1, 2, 
and 3 representing a negative finding (caries absent), and scores of 4 and 5 representing a 
positive finding (caries present). Using this dichotomization, the sensitivity and specificity of 
the two modalities was compared with the exact Wilcoxon rank-sum test.   Interobserver 
and Intraobserver reliability was assessed by weighted Kappa scores.  All statistics was done 
using SAS (version 9.2, Cary, NC) 
RESULTS 
 The diagnostic accuracy of the two radiographic systems was assessed using the 
ROC Az (Fig.3).  The mean value (standard deviation) of the Az for Cone beam CT and 
intraoral radiographs were 0.72 (0.04) and 0.65 (0.06), respectively (Table 1).  The 
difference between the modalities, controlling for observers, was borderline insignificant 
(p=0.07) at the 0.05 level (Table 2). 
The difference in sensitivity (Wilcoxon: p=0.18) and specificity (Wilcoxon: p=0.57) 
between the two modalities was not statistically significant at the 0.05 level (Table 3).  The 
interobserver kappa for pairs of observers ranged from fair to moderate (0.24 - 0.54) for 
bitewings and slight to fair (0.15 - 0.40) for Cone beam.  The intraobserver kappa ranged 
from moderate to substantial for both (0.52-0.81) bitewings and (0.50-0.85) Cone beam. 
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Four of six observers reported higher sensitivity with cone beam. The mean and SD across 
observers for both modalities were calculated (Table 4). 
DISCUSSION: 
The use of cone beam CT in dentistry for three dimensional imaging is becoming 
increasingly popular. Its potential to visualize minute changes in both the teeth and the 
surrounding structures is making it the modality of choice for an increasing number of 
diagnostic and treatment planning tasks. However, as CBCT is a new radiographic modality, 
its accuracy had to be compared with an existing well-established system. The aim of the 
present study was to compare the accuracy of cone beam CT with intraoral radiographs in 
detecting occlusal caries. 
 
Our present study concluded that there was no statistically significant difference 
between Sirona cone beam CT (in the close-up or magnified mode) and conventional 
radiography for occlusal caries detection. In the recent years, a number of studies have 
been done to establish the accuracy of cone beam CT in caries detection. Local-CT a 
technique studied by van-Daatselaar and then by Kalathingal et al compared local 
computed tomography and conventional radiography for proximal caries detection. While 
van-Daatselaar found that the technique could be promising in the future, Kalathingal et al 
found no difference between the two modalities.(40)(41) Accuracy studies of cone-beam CT 
looking at occlusal/proximal caries have had varied results.  Akdeniz et al
 
compared the 
Accuitomo (3DX) CBCT,
 
Digora-fmx and Insight film for measuring depth of proximal
 
caries 
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lesions.  The authors found that the Accuitomo images
 
provided more accurate lesion depth 
estimates with less variation
 
when compared with measurements performed on the 
sections of
 
the tooth than did the intraoral images and therefore suggested
 
that CBCT 
appears to be a promising tool for monitoring small
 
caries lesions.  Tsuchida et al. also 
assessed the accuracy of the 3D Accuitomo in evaluating incipient proximal caries and found 
that 3D Accuitomo could not enhance the accuracy in detecting the carious lesions. (42)  
 
More recently, Haiter-Neto et al. compared the caries diagnostic accuracy
 
of two 
cone beam CT systems (CBCT) with two intraoral receptors,
 
one digital and one film.  They 
concluded that the NewTom 3G CBCT had a lower diagnostic
 
accuracy for detection of 
caries lesions than intraoral modalities
 
and the 3DX Accuitomo CBCT.  The Accuitomo CBCT 
had a higher
 
sensitivity than the intraoral systems for detection of lesions
 
in dentin, but the 
overall true score was not higher. It is difficult to directly compare the results of previous 
studies with ours, due to differences in experimental design, number of surfaces involved 
and also the observer’s background knowledge.  
 
We used ROC analysis to evaluate the diagnostic performance of the two modalities. 
The analysis is made by comparing significant differences  between  the  areas  under  the  
ROC  curves  that represent  the  competing  modalities.(43) An advantage of using ROC 
analysis is that it reﬂects the diagnostic performance more comprehensively than sensitivity 
and speciﬁcity, which are determined by only one cut-off point.(44) It also provides the 
most meaningful approach to compare the diagnostic performance of two or more different 
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imaging modalities because it distinguishes between the inherent capacities of the 
observers to under- and over-read when interpreting imaging and is used in many 
studies.(45)(46) 
 
In our study, the Az for cone beam was 0.72 and for the intraoral radiographs Az was 
0.65.  To interpret these results an area of 1 represents a perfect test and anything 0.5 and 
below is a poor test.  Applying this to our results both tests represent fair test.  Thus, 
neither test could be considered very accurate.  The interobserver kappa for pairs of 
observers ranged from fair to moderate (0.24 - 0.54) for bitewings and slight to fair (0.15 - 
0.40) for Cone beam.   In reporting Kappa statistic, a perfect agreement would equate to 
kappa of 1, and chance agreement would equate to 0. (47)  The motive for including 
multiple observers in caries diagnostic studies is to ensure better representativeness.(48) 
Thus we chose a broad range of graduate students, general dentists and Radiologists with 
several years of experience. Also, as this was an in-vitro study, we cannot make direct 
comparisons with an in vivo clinical situation. There are inherent differences in scanning 
tissues in air vs. in vivo where there is water in the soft tissues and bone.  Some studies 
emphasize submerging the object in water to better simulate in vivo conditions. Also, the 
presence of restorations and or patient movement can further compromise the caries 
diagnostic process. 
 In conclusion, this study showed that there was no difference in the diagnostic 
accuracy of the cone beam CT when compared with intraoral radiographs in diagnosis of 
occlusal caries. Some may argue that CBCT could still be considered superior due to its 
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simplicity and the fact that it is an extraoral imaging modality.  In a  recent  editorial  by  
Farman, the  principle  of ALARA  (As  Low As Reasonably Achievable)  is  still fundamental 
for diagnostic radiology and CBCT procedures should be reserved for selected cases.(49). 
Diagnostic beneﬁt and dose detriment tradeoffs are important considerations in choices of 
radiographic procedures. The effective dose of Sirona cone beam is 70 µSv ICRP 2000 as 
compared with 5.0 µSv for a four-image posterior bitewings with PSP or F-speed
 
film with 
rectangular collimation or 34.9 µSv for a full-mouth radiographs (FMX) with photo-
stimulable
 
phosphor (PSP) storage or F-speed film with rectangular collimation.(50; 51) 
From results of our study we can conclude that a cone beam CT exam for the sole purpose 
of looking at occlusal caries is not justified. 
  
CHAPTER 4 
COMPARISON OF MICRO-CT TO HISTOLOGY IN DENTAL CARIES 
DIAGNOSIS 
ABSTRACT 
Background. Histologic sectioning of extracted teeth has been conventionally used 
as the gold standard to which new diagnostic modalities are compared. Sectioning is 
destructive, with demands on both time and personnel. In Cariology research, there is an 
increased demand for a nondestructive technique which will not only simplify the 
investigative procedure but also allow for the preservation of sample for longitudinal use. 
Micro-computerized tomography (micro-CT) provides 3-dimensional information of the 
sample which can also be visualized in discrete sections. 
Objective.  To compare Micro-CT with histology for occlusal caries detection. 
Materials and methods. Sixty extracted teeth (molars and premolars) were scanned 
using Skyscan 1074HR (Skyscan, Kontich, Belgium) with a 20.4 μm resolution. Of these only 
45 teeth were used as the final sample and the rest were eliminated due to severe ring 
artifacts.  A dynamic range was established for the micro-CT using a set of hydroxyapatite 
rods.   The scan and reconstruction settings were optimized. The images were reconstructed 
by Nrecon software and viewed with the data viewer. The teeth were then sectioned using 
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a diamond saw into 250 μm thin sections and viewed under a stereomicroscope. Three 
observers graded the presence or absence of caries, and the results were compared with 
histology of the sectioned teeth. 
Results. Sensitivity and specificity for micro-CT were established using histology as 
the gold standard.  Sensitivity was 0.88 and specificity 0.81.  Interobserver agreement was 
calculated using kappa and was reported as moderate to substantial (0.47- 0.65) and the 
intraobserver agreement was substantial (0.62-0.73). 
Discussion. The initial data suggest that micro-CT can detect occlusal lesions in good 
agreement with histology. This may provide a viable alternative to histology in caries 
diagnosis. Recent studies suggest similar findings. The use of microtomographic technique 
in dentistry is relatively new and still has the need for further validation studies to be 
considered as a true gold standard. 
 
INTRODUCTION: 
Conventionally, 'gold standards' used in the evaluation of different caries diagnosis 
techniques are based on histological sectioning. To test the accuracy of caries diagnosis, the 
outcome of the new diagnostic measure must be held against the true diagnosis that is 
obtained by a validation or reference method also called as a gold standard. Any robust 
gold standard must fulfill three criteria: reproducibility, repeatability, and replicability.(52) 
(53) 
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The use of histology as the gold standard gives a true evaluation of the diagnostic 
accuracy of radiographs in the detection of dental caries, and clearly has much to commend 
it.(54)  However, histology requires cumbersome sample preparation, and induces tissue 
loss and irreversible sample destruction. In addition, sectioning may not be appropriate if 
the specimens have to be used for other longitudinal experiments.(55) Sectioning also limits 
the representation of dynamics of the caries lesion to one single slice.  In Cariology 
research, there is an increased demand for a non-destructive technique which will enables 
longitudinal studies and decrease demands on both time and personnel. Thus, a search for a 
new gold-standard with these characteristics seems to be essential. 
Micro Computed Tomography (micro-CT) is a miniaturized form of CT scanning, 
which was developed in the beginning of the 1980s predominantly for laboratory purposes 
on small samples or material experiments, and used frequently in the studies of trabecular 
bone structure and mineral analysis.  It uses a micro Focus X-ray apparatus as the X-ray 
source and assures high-resolution cross-sectional images by enlarging images 
geometrically.  It allows nondestructive imaging of the internal tooth structure, with 
information being visualized either as discrete sections or as 3D volume renderings.  It is 
emerging as a potential key tool in, in-vitro caries research as it allows three dimensional 
images recording of inner structures with high spatial resolution and without destruction of 
samples. 
Our specific objective for this study was to compare Micro-CT to histology in occlusal 
caries diagnosis. 
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MATERIALS AND METHODS: 
Sample for the study: 
Our sample consisted of sixty extracted teeth (both premolars and molars), collected 
from various departments at UNC School of Dentistry. These teeth were half carious and 
half sound (control), as determined by visual examination. Of the sixty teeth, fifteen teeth 
were eliminated from the sample, due to some severe ring artifacts, making them 
undiagnostic. This reduced the sample size to forty five teeth. 
Micro-CT instrument characterization: 
For our study, we used the Skyscan 1074HR Micro- CT (Skyscan, Aartselaar, Belgium) 
at a resolution of 20.5 μm/pixel (Fig 4). The detector for this unit is a 768x576 pixels 8-bit X-
ray camera in on-chip integration mode with lens coupled to scintillator. In micro-Computed 
Tomography, the object is rotated so as to obtain radiographic projections from different 
viewing angles. We selected a set of four Hydroxyapatite rods (CIRS, Inc., Norfolk, VA) as 
phantoms to optimize the scan settings (Fig 5). These rods ranged in different densities 
from 50mg/cc to 1000mg/cc. The sample of HA rods were then exposed to the Micro- CT to 
establish the cutoff point where the densities become visible. This would help determine a 
range in which tooth structures became visible and eventually help in caries detection. All 
the sixty teeth were scanned individually, at 1000µA, 40KVP and 600ms. The transmission X-
ray images were acquired from 200 rotation views over 180° of rotation (0.9° rotation step). 
The instrument settings were optimized and not changed between the samples. The images 
were reconstructed by Nrecon software, version 1.4.4 (Skyscan, Kontich, Belgium).  
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The reconstruction was performed using an algorithm based on the filtered back-
projection procedure for Feldkamp cone-beam reconstruction. The settings for 
reconstruction were determined on a dynamic range of 0.0500 to 0.69500. These were 
optimized to the HA phantoms and applied to all samples. The ring artifact reduction and 
smoothing filter were applied to all the reconstructed images.  Data viewer (version 1.4.1, 
Skyscan, Kontich, Belgium) a free software, was downloaded from the Skyscan website, 
http://www.skyscan.be/products/ to view these images (Fig.6). 
Observation sessions: 
The teeth were then sectioned using an Isomet low speed saw (Buehler, USA) into 
250µm thin sections and viewed under a stereomicroscope (Fig 7).  Of the total sample of 
60 teeth, 15 teeth had to be discarded from the sample due to ring artifacts.  Of the 
remaining 45 teeth, 20 teeth were carious and 25 had sound occlusal surfaces (controls). 
Three observers were asked to look at the Micro-CT images for the presence and absence of 
occlusal caries. Of these, two were Radiology residents and the third was a general dentist. 
Some of the teeth had proximal lesions, but these were not reported for this study.  A short 
training session was provided to all the observers in using the data viewer for looking at the 
Micro-CT images. The observers looked at a sample of 15 teeth, after a two week interval to 
look for intraobserver agreement. The results were then compared with histology of the 
sectioned teeth. 
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STATISTICS 
We tested for accuracy and reproducibility of the micro-CT.  Accuracy was tested 
using Sensitivity and Specificity and reproducibility was tested using Cohen’s Kappa 
statistics.  Sensitivity and Specificity for Micro-CT were established using histology as the 
‘gold standard’.  Interobserver and intraobserever agreement was assessed using Kappa 
statistic. All statistics was performed using SAS (version 9.2) Cary, NC. 
 
RESULTS: 
The average Sensitivity for Micro-CT was 0.88 and average Specificity was 0.81 
respectively.  Interobserver and intraobserver agreement was calculated for the three 
observers using Kappa statistics (Table7).  Interobserver agreement was reported as 
moderate to substantial (0.47- 0.65) and the intraobserver agreement was substantial 
(0.62-0.73). 
DISCUSSION: 
Over the past years there have been attempts to improve the development of 
techniques for caries detection and quantification. The demand for a non-destructive 
method has encouraged the use of micro-CT in studies of enamel demineralization. In 
dentistry, micro-CT has been used to observe the structure of bone, measure enamel 
thickness in teeth and to study the morphogenesis of carious lesion.(56; 57)   It has been 
used in Endodontics, to study the root canals and gutta percha.(58; 59)  It has been 
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considered suitable for evaluation of subsurface lesions.(60) It has also been used in studies 
evaluating the internal structure and mineral concentration of the human teeth.(61; 62)  A 
recent study by Tsuchida et al, evaluating the accuracy of 3DAccuitomo cone beam system 
with conventional films for detection of incipient proximal caries used Micro-CT as a gold 
standard.(63) Their rationale for its use was as the disease process of dental caries is caused 
by decalciﬁcation, microCT could be used as an adequate measure to estimate the extent of 
caries.(64) 
In our study, we compared the Sky scan 1074 Micro-CT to histology for detection of 
occlusal caries.  A review of the literature shows that several authors have compared Micro-
CT with histology, as a potential new ‘gold standard’. However, many of these studies are 
abstracts or presentations at conferences and not peer reviewed articles.  A list of the 
abstracts, based on a similar hypothesis as ours is illustrated in (Table 6). The results of our 
pilot study suggest that Micro-CT can detect occlusal carious lesions in good agreement 
with histology.  However, our study had some limitations that need to be addressed.  Our 
Micro-CT unit had a size restriction of the sample being imaged, so some of the larger 
molars had to be sectioned at the cervical level.  Our reconstructed images showed ‘ring 
artifacts’, which can occur due to imperfect detector element.  Our sample size had to be 
reduced to 45 teeth, due to some teeth exhibiting very severe ring artifacts.  We also chose 
an ‘ideal’ sample, which were extracted teeth that had no restorations.  Presence of 
restorations can produce significant streak artifacts, which can further compromise the 
diagnostic process.   
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The use of Micro-CT in dentistry is relatively new and dates only two decades.  While 
various studies have shown that Micro-CT can perform as well or better than histology, we 
concluded that future validation studies are needed to establish it permanence. 
 
 
  
CHAPTER 5 
SUMMARY 
CONE BEAM CT AND OCCLUSAL CARIES 
The results of our study showed that there was no difference in accuracy for 
detection of occlusal caries, between intra-oral radiographs and Sirona cone beam CT.  A 
recent review done by Tyndall et al, (65) showed that Cone beam CT has been studied by 
different groups in caries detection. Some authors have shown higher sensitivity and lower 
specificity, of CBCT when compared to traditional imaging in caries detection.  Whereas, 
other authors have shown no differences between CBCT and other modalities tested.  It has 
to be taken into consideration that most of these studies are in-vitro. Based on the review 
of the literature, at this point in time, the use of cone beam CT, exclusively to look for caries 
does not seem justified. 
MICRO-CT AND OCCLUSAL CARIES 
Our study showed that Micro-CT compared well with histology for occlusal caries 
detection.  However, our study had several limitations in the study design that need to be 
factored in when making a conclusion. With the Skyscan 1074 unit that was used in our 
study, we had a sample size restriction in the unit.  We also had to remove some teeth from 
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the original sample, due to some issues with ring artifacts.  So, even though the Skyscan 
1074 Micro-CT showed promising results, it would not be able to replace histology 
completely. Other studies, used to test a similar hypothesis have shown very promising 
results.  
The use of Micro-CT in dentistry is relatively new and needs future validation studies 
to be considered as the new ‘gold standard’.  
  
 Figure 1. Sirona Cone beam CT unit
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Figure 2(a) Close-up views of Sirona CBCT system of one of the test tooth. 
 
           
Figure 2(b) Intra-oral Radiograph for one of the test tooth  
  
Occlusal 
caries 
Occlusal caries 
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Figure 3. ROC curves for Bitewing and Cone beam. Pooled data across observers, 
AUC for CB=0.72 and AUC for BW =0.65 
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Figure 4: Skyscan 1074 Micro-CT unit attached to the primary workstation (Dell   
computer) 
 
 
 
Skyscan 1074 Micro-CT 
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Figure 3. A set of Hydroxyapatite rods ( From left to right arranged in order of increasing 
density from 50 mg/cc to 1000 mg/cc. Scale= 3mm) 
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Figure 4.  Screen capture showing a single view of a single slice taken 2.780mm from 
one end. 
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 Figure 5. Histology of one of the sample too
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 Figure 8: Interobserver and Intraobserver Kappa Statistics for Micro
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      Table 1. Caries detection accuracy as measured by Az of the ROC analysis 
 
Observer BW Az CBAz 
1 0.63 0.67 
2 0.65 0.70 
3 0.70 0.69 
4 0.74 0.77 
5 0.56 0.75 
6 0.62 0.74 
   
Mean 0.65 0.72 
SD 0.06 0.04 
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        Table 2: ANOVA for area under the curve 
 
Source Sum of square df f-ratio p-value 
Observer 0.013 5 1.01 0.50 
Modality 0.015 1 5.53 0.07 
Error 0.014 5   
     
 
 df= degrees of freedom  
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Table 3: Sensitivity, speciﬁcity and the p values for 6 observers and 2 modalities 
 
Obs BW Sens CB Sens BW Spec CB Spec 
1 66.67 77.78 63.34 51.52 
2 77.78 74.07 48.48 66.67 
3 51.85 70.37 78.79 54.55 
4 62.96 66.67 78.79 69.7 
5 51.85 51.85 54.55 84.85 
6 62.96 81.48 51.52 63.64 
     
Mean 62.35 70.37 62.58 65.16 
SD 9.78 10.48 13.50 11.93 
p value
1 
0.17   0.57 
 
1 
As calculated by Wilcoxon Exact rank sum test 
  Obs = observer, BW=bitewing, CB=conebeam, Sens= sensitivity, Spec=specificity  
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Table 4: Average Weighted Kappa values representing interobserver and 
intraobserver reliability 
 
Modality Interobserver  
Kappa 
Intraobserver 
Kappa 
Mean .SD Mean .SD 
Weighted BW 0.40  0.09 0.68  0.10 
Weighted CB 0.283. 0.06 0.65  0.12 
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Table 5: Likert scale for Observation sessions  
 
 
  
Number Presence or absence of Caries 
1 Caries definitely absent 
2 Caries probably absent 
3 Unsure if caries is absent or present 
4 Caries probably present 
5 Caries definitely present 
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Table 6: Abstracts on Comparison of Micro-CT and Histology in Caries detection 
Abstract Title Authors Year Journal/Meeting Summary 
Application of 
Desktop 
Micro-CT 
Imaging as 
Gold Standard 
in Caries 
Diagnosis 
Bottenberg et al. 2003 81st session of the 
IADR 
Skyscan 1072 Micro-CT images 
were compared to clinical and 
histological evaluations of 16 
extracted teeth. Micro-CT 
analysis demonstrated good 
agreement with histological 
measurements (r=0.89, 
p<0.001), whilst the clinical 
evaluations were found to be 
much less correlated with the 
micro-CT analysis (r=0.39, 
p<0.001) and histological data 
(r=0.42, p<0.001) 
A comparison 
of Micro-CT 
and a novel 
histological 
technique 
validation for 
caries 
detection 
 
Wang et al. 2005 J of Dental 
Health, 
vol55(4),pg 321 
TOSCANER-31300 µhd, Toshiba 
Micro-CT was compared to a 
novel histological technique for 
occlusal and proximal caries 
detection in posterior extracted 
teeth. Micro-CT could detect 
caries on occlusal surfaces in 
excellent agreement with 
histology (Kappa for Micro-CT 
and histology was 0.85 and 
0.79) using 3 and 5 grade scales 
Comparison of 
Micro-CT and 
Histological 
Technique 
Validation for 
Surface 
Lesions 
Wang, 
Longbottom et al 
2006 IADR(Internation
al 
Association for 
Dental research) 
TOSCANER-31300 µhd, Toshiba 
Micro-CT was compared to 
histology for proximal caries 
detection in 18 posterior 
extracted teeth. The Kappa value 
for Micro-CT and histological 
validation was 0.67 and 0.71 
using D1 and 5 grade scales. 
Micro-CT could detect proximal 
surface lesions with good 
agreement with histology and 
was able to detect natural lesions 
at 100µm depth and beyond. 
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Comparison of 
Micro-CT and 
Histology as 
Gold 
standards in 
Radiographic 
Caries 
Diagnosis 
Berkhout et al. 2008 EADMFR(Europe
an Academy of 
Dento 
MaxilloFacial 
Radiology) 
SCANCO 40 Micro-CT images 
were compared with 
histological sections of 32 
proximal carious lesions as gold 
standards in radiographic caries 
diagnosis. Preliminary results 
showed substantial agreement 
(Kappa=0.60) between Micro-
CT images and  histology 
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